The mechanisms of vascular alterations resulting from early thyroid hormones deficiency are poorly understood. We tested the hypothesis that antenatal/early postnatal hypothyroidism would alter the activity of endothelial NO pathway and Rho-kinase pathway, which are specific for developing vasculature. Dams were treated with propylthiouracil (PTU, 7 ppm) in drinking water during gestation and 2 weeks after delivery, and their progeny had normal body weight but markedly reduced blood levels of thyroid hormones (ELISA). Small arteries from 2-week-old male pups were studied using wire myography, qPCR and Western blotting. Mesenteric arteries of PTU pups, compared to controls, demonstrated smaller maximum response to α 1 -adrenergic agonist methoxamine and reduced mRNA contents of smooth muscle differentiation markers α-actin and SERCA2A. Inhibition of basal NO synthesis by l-NNA led to tonic contraction of mesenteric arteries and augmented their contractile responses to methoxamine; both l-NNA effects were impaired in PTU pups. PTU pups demonstrated lower blood level of NO metabolites compared to control group (Griess reaction). Rho-kinase inhibitor Y27632 strongly reduced mesenteric arteries responses to methoxamine in PTU pups, that was accompanied by elevated Rho-kinase content in their arteries in comparison to control ones. Unlike mesenteric, saphenous arteries of PTU pups, compared to controls, had no changes in α-actin and SERCA2A contents and in responses to l-NNA and Y27632. In conclusion, thyroid hormones deficiency suppresses the anticontractile effect of NO and potentiates the procontractile Rho-kinase effects in mesenteric arteries of 2-weekold pups. Such alterations disturb perinatal cardiovascular homeostasis and might lead to cardiovascular pathologies in adulthood.
Introduction
Thyroid hormones are well-known modulators of metabolic processes in the adult organism (Mullur et al. 2014) . The thyroid system disruptions known as hypo-or hyperthyroidism greatly affect almost every organ function, and, among others, the vascular system (Vargas et al. 2006 , Iervasi & Nicolini 2013 .
Moreover, thyroid hormones are key regulators of the developmental processes. In particular, their deficiency during early stages of ontogenesis (prenatal and early postnatal) has crucial effects and leads to the improper development of the individual (Forhead & Fowden 2014) . This can occur during pregnancy, when the mother might suffer from hypothyroidism, which will have adverse effects on her progeny (StagnaroGreen 2015) . Of note, up to 15% of all pregnancies are accompanied by the overt or subclinical hypothyroidism (Stagnaro-Green 2015) . Our recent findings show that antenatal/early postnatal hypothyroidism significantly alters the regulation of coronary circulation by abolishing the anticontractile effect of nitric oxide (NO) (Gaynullina et al. 2017) . Developmental effects of thyroid hormones on cardiovascular system are mediated by both genomic as well as nongenomic mechanisms, which may overlap at the nuclear level (Ojamaa 2010 , Davis et al. 2015 .
Human thyroid deficiency in neonatal age is associated with poor peripheral circulation and impaired reflex control of vascular tone (Bower 1957) . In addition, an increased intima-media thickness was reported in hypothyroid newborns as a risk factor for early cardiovascular disease (Akin et al. 2013) . Antenatal thyroidectomy in lambs was associated with reduced blood flow to heart (Portman et al. 2000) and peripheral organs (Breall et al. 1984) . However, hypothyroid-associated vascular alterations during early postnatal period are poorly understood and their mechanisms are not explored yet (Portman 2008) .
Vasoregulatory phenotype of the developing organism is significantly different from that in adults. Smooth muscle in developing vessels has a strongly augmented Ca 2+ sensitivity of contractile apparatus, which compensates for the deficiency of Ca 2+ -dependent control of smooth muscle contraction (Sandoval et al. 2007 , Puzdrova et al. 2014 . Such Ca 2+ -sensitization is due to enhanced contribution of Rho-kinase in contractile responses of arteries during early postnatal period (Akopov et al. 1998 , Mochalov et al. 2008 . Another important vasomotor feature of the developing vasculature is NO-mediated anticontractile effect of the endothelium that is prominent in early postnatal period and gradually decreases with maturation (Gaynullina et al. 2013 , Sofronova et al. 2016 . These two mechanisms are considered to be important for the regulation of arterial tone and blood pressure level in immature vascular system. We hypothesized that the deficiency of thyroid hormones will affect the regulation of contractile responses in arteries of young rats by alteration of specific for young vasculature NO and Rho-kinase pathways. To test this hypothesis, we used the model of antenatal/ early postnatal hypothyroidism: a condition where thyroid hormones synthesis is suppressed in maternal organism starting from the first day of pregnancy till 2 weeks after delivery. The vascular consequences of antenatal/early postnatal hypothyroidism were studied in 2-week-old male offspring.
Methods

Animals
Adult female and male Wistar rats weighing 250-300 g were obtained from the vivarium of the Institute of General Pathology and Pathophysiology (Moscow, Russia) and bred in the vivarium of Biological Faculty, Moscow State University. The investigation conforms to the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) , Russian national guides and regulations at the Moscow State University.
The model of antenatal/early postnatal hypothyroidism
Female rats were housed with males for one night, and at 8:00 h the next morning, the pregnancy was confirmed by the presence of sperm in the vaginal smear; this day was considered as gestation day 1. Then pregnant dams were randomly divided into two groups. To induce hypothyroidism, the dams were treated with 6-propyl-2-thiouracil (PTU, Sigma) in the drinking water from the first gestational day until 2 weeks after delivery (PTU group). The concentration of PTU was chosen to be 7 ppm (7 µg/mL). Control group of dams consumed water without PTU.
Vascular effects of antenatal/early postnatal hypothyroidism were studied in the progeny of 6 PTUtreated and 6 control dams. The litters were culled to 8 pups on the first day after delivery. Throughout the whole period of treatment pregnant dams, and later, dams with offspring were regularly weighted; their water intake was measured as well. Duration of pregnancy, number of pups per litter in control and PTU groups were also recorded. Fourteen-to fifteen-day-old male pups from each group 235:2 of dams (control or PTU-treated) were evenly distributed into subgroups, which were subsequently used for blood sampling and isolation of saphenous arteries and small mesenteric arteries (2-3-order branches of the superior mesenteric artery).
The analysis of blood samples
Serum blood parameters were tested in: (i) virgin control females; (ii) pregnant control and PTU females on gestation day 21 (G21); (iii) control and PTU dams on postpartum day 14-15 (P14) and (iv) 14-to 15-dayold male pups. Blood was collected after decapitation and incubated at 37°C for 30 min followed by 30 min at 4°C. After that blood samples were centrifuged for 15 min at 4300 g, serum was frozen at −20°C and kept till further analysis. The levels of hormones were measured by ELISA. For total T 4 , total T 3 , free T 3 , free T 4 and progesterone commercial kits from Immunotek (Moscow, Russia) were used. The intraassay coefficients of variability (CV) were 2.7% for total T 4 , 3.3% for free T 4 , 7.5% for total T 3 , 13.5% for free T 3 and 7.9% for progesterone. For rat thyroidstimulating hormone (TSH), we used a commercial kit from Demeditec Diagnostics GmBH (Germany), intra-assay CV, as reported by the manufacturer is less than 5%. For estradiol, we used a commercial kit from DRG Instruments GmBH (Germany), intra-assay CV was 14.6%.
Nitric oxide metabolites (nitrate and nitrite) concentration in blood was evaluated by Griess method after reduction of nitrate by vanadium (III) (Sofronova et al. 2015) , intra-assay CV was 3.7%. Total cholesterol concentration was measured using enzymatic colorimetric method with commercial kit from Vital Development Corporation (St.-Petersburg, Russia), intra-assay CV was 3.7%. The glucose level was measured using test strips from Diacont (Moscow, Russia). qPCR mRNA contents of deiodinase 1 (D1), deiodinase 2 (D2), deiodinase 3 (D3), thyroid hormone receptor α 1 (TRα 1 ), α-actin, β-actin, SM22α, smooth muscle myosin heavy chains (SM-MHC), non-muscle myosin heavy chains (NM-MHC), SERCA2A, phospholamban (PLB), L-type Ca 2+ channel (LTCC) and inducible NO-synthase (iNOS) in saphenous and mesenteric arteries of 2-weekold rats were measured by qPCR as previously described (Sofronova et al. 2016) . In brief, two saphenous arteries or six mesenteric arteries from one rat were pooled in one sample. The arteries were fixed in RNA-later (Qiagen) and kept at −80°C. RNA was extracted using RNeasy Mini Kit (Qiagen) and treated with DNase I (Fermentas, 1000 U/mL). cDNA was synthesized using reverse transcription kit MMLV RT (Evrogen, Russia) and stored at −80°С pending further processing. qPCR was run in Rotor Gene 6000 (Corbett Research, Australia) using SYBR Green I and Taq-polymerase Master Mix (Syntol or Evrogen, Russia). The primers were obtained from Evrogen (Moscow, Russia), and their sequences are presented in Table 1 . Amplification protocol included 10-min heating at 95°C, followed by 40 cycles, consisting of three phases: 30 s at 95°C, 30 s at 60°C and 60 s at 72°C and final incubation at 72°С for 10 min.
qPCR experiments were analyzed in Rotor Gene 6000 Software. Gene expression levels were calculated as (Mulvany & Halpern 1977) . Then, a standard activation procedure was performed (Sofronova et al. 2015) .
In each experiment, we used two segments cut from the same rat artery. The contractile responses to methoxamine (MX, α 1 -adrenoceptor agonist, in the range from 0.01 μmol/L to 100 μmol/L, Sigma) were studied. The protocol was analogous to previously described in details (Sofronova et al. 2015) . The first cumulative concentration-response relationships to MX were similar for two studied segments. To evaluate the anticontractile effect of NO, we compared the second concentrationresponse relationships to MX after 20-min incubation of one preparation with N ω -nitro-l-arginine (l-NNA, 100 µmol/L, inhibitor of NO-synthase (NOS), Alexis Biochemicals) and another one with N-nitro-d-arginine (d-NNA, 100 µmol/L, inactive analogue of l-NNA, Alexis Biochemicals). To evaluate the contribution of Rhokinase in vascular contraction, Rho-kinase inhibitor Y27632 ((R)-(+)-trans-N-(4-pyridyl)-4-(1-aminoethyl)-cyclohexanecarboxamide, 3 µmol/L, Calbiochem) or equivalent volume of vehicle (H 2 O) were added 20 min prior to the second concentration-response relationship to MX. In addition, we studied the responsiveness of endothelium-denuded preparations to NO donor DEA/NO (in the range from 0.001 μmol/L to 10 μmol/L, Alexis Biochemicals) after precontraction with MX up to 70-80% from the maximum active force. In these experiments, the endothelium was mechanically removed with a rat whisker (Sofronova et al. 2015) .
The wire myograph experiments were analyzed as described earlier (Sofronova et al. 2015) . The maximum value of active force in the first concentration-response relationship (measured from the fully relaxed state) was used for normalization of active force values recorded in the respective second concentration-response relationship. Additionally, the pD 2 (the negative logarithm of the EC 50 value) was calculated in GraphPad Prism 6.0 Soſtware. The responses to DEA/NO were calculated in percent of the precontraction level.
Western blotting
For one sample, we used 2 saphenous or 6 mesenteric arteries from one 2-week-old rat. The arteries were isolated, quickly frozen in liquid N 2 and kept at −80°C pending further analysis. Samples were homogenized in SDS-buffer (0.0625 mol/L Tris-HCl (pH 6.8), 2.5% SDS, 10% water-free glycerin, 2.47% dithiothreitol, 0.002% bromophenol blue) supplemented with protease inhibitors (aprotinin 50 mg/mL, leupeptin 100 mg/mL, pepstatin 30 mg/mL), centrifuged at 14,000 g for 2 min and heated at 99°С for 2 min; supernatant was kept at −20°С. Proteins were separated by SDS-PAGE and transferred to nitrocellulose membrane (Santa Cruz, USA) using Trans-Blot Turbo transfer system (BioRad). The transfer was visualized with Ponceau S stain and the membrane was cut in two parts at the level of 70 kDa protein marker (Thermo Scientific). Both parts were blocked with 5% nonfat milk (Applichem, Germany) in TBS (20 mmol/L Tris-HCl, pH 7.6; 150 mmol/L NaCl) with 0.1% Tween 20 (TBSt). Then, the lower part of the membrane was incubated overnight with antibodies against GAPDH (Abcam, 1:2000 in TBSt with 5% milk, Sigma). The upper part was incubated overnight with antibodies against endothelial NOS (eNOS or NOS3, BD Transduction, 1:2000, in 5% milk) or Rho-kinase II (ROCK2, Millipore, 1:200 in TBSt). Afterwards, the membranes were incubated with appropriate secondary antibodies: anti-mouse (Cell Signaling, 1:5000 in 5% milk) or anti-rabbit (Cell Signaling, 1:5000 in 5% milk) for 1 h and visualized with Super Signal West Dura Substrate (Thermo Scientific) using ChemiDoc (BioRad).
Western blotting experiments were analyzed in ImageLab Software (BioRad). Protein of interest to GAPDH ratio was identified in each sample, and then the average ratio in the control group was taken as 100%.
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Statistical data analysis
Statistical analysis of data was performed using Student's t-test or repeated measures ANOVA accompanied by Bonferroni post-hoc correction, as appropriate. Statistical significance was reached at P < 0.05. All data are given as mean ± s.e.m.; n represents the number of animals or the number of samples in qPCR and Western blotting.
Results
Characteristics of the hypothyroidism model
The durations of gestation periods were similar in control and PTU-treated dams and averaged 22 days. The hormones levels in virgin control, pregnant (G21) and postpartum (P14) control and PTU rats are shown in Table 2 . In blood serum of control rats at G21 and P14, total T 4 concentration was reduced compared to virgin control (P < 0.05), whereas free T 3 concentration was moderately increased on G21 and not changed on P14. PTU treatment resulted in reduced total T 4 on both G21 and P14, but did not affect free T 3 concentration. The levels of progesterone in control females, as expected, were higher on G21 and P14 compared to virgin females, while the level of estradiol was elevated only on G21. Neither progesterone nor estradiol concentrations differed between control and PTU-treated females. Total cholesterol concentration in blood serum of control was elevated on G21 and P14 compared to virgin group; PTU treatment resulted in reduced cholesterol on G21 but not on P14 (Table 2 ). The level of glucose was reduced before delivery (on G21) and restored by P14 with no difference between control and PTU-treated females.
Control and PTU-treated dams did not differ in body weight gain throughout the gestation period (Fig. 1A) . The number of pups per litter before culling did not differ in control and PTU groups (10.7 ± 1.1 in control and 8.3 ± 1.1 in PTU, P > 0.05). Average body weight of oneday-old pups did not differ as well (6.0 ± 0.2 g in control and 6.2 ± 0.1 g in PTU, P > 0.05). In two weeks, body weights of pups greatly increased but still were similar in the two groups (29.9 ± 1.3 g in control and 27.4 ± 0.9 g in PTU, P > 0.05). The total weight of each dam and its progeny during the post-delivery period was comparable in control and PTU groups (Fig. 1A ) and the relative water consumption by the groups did not differ as well (Fig. 1B) . The average dose of PTU consumed by dams daily was 0.88 mg/kg.
PTU effects on serum levels of thyroid-related hormones in dams whose pups were used in vascular studies (Table 3 ) were similar to those described above (Table 2) . Two weeks after delivery, the dams of PTU group had significantly lower serum levels of total and free T 4 than control dams, but the concentration of free T 3 was not altered. Along with that, 2-week-old PTU male pups Table 2 Blood serum levels of hormones and energy substrates in non-pregnant and pregnant control and PTU-treated female rats.
Gestation day 21 (G21)
Postpartum day 14 (P14)
Total T 4 (nmol/L) n = 6; 9; 5; 12; 5 97.6 ± 4.5 80.8 ± 4.8 a 37.4 ± 0.7 b 78.0 ± 5.3 a 39.1 ± 5.0 b Free T 3 (pmol/L) n = 6; 9; 5; 12; 5 4.6 ± 0.4 6.7 ± 0.3 a 6.3 ± 0.7 4.6 ± 0.5 4.4 ± 0.3 Progesterone (nmol/L) n = 6; 9; 5; 12; 5 204.7 ± 11.2 362.5 ± 32.8 a 470.9 ± 64.5 482.8 ± 29.6 a 505.2 ± 28.4 Estradiol (pg/mL) n = 6; 9; 5; 9; 5 43.9 ± 5.8 69.4 ± 6.5 a 75.9 ± 12.5 38.8 ± 5.4 42.6 ± 3.5 Total cholesterol (mmol/L) n = 6; 9; 5; 12; 5 1.90 ± 0.16 3.32 ± 0.24 a 2.39 ± 0.26 b 3.31 ± 0.16 a 3.32 ± 0.29 Glucose (mmol/L) n = 6; 9; 5; 12; 5 6.0 ± 0.2 4.1 ± 0.1 a 3.6 ± 0.3 5.5 ± 0.2 5.0 ± 0.3 a P < 0.05 compared to virgin control. b P < 0.05 compared to respective control group (unpaired t-test).
Figure 1
PTU consumption (7 ppm in drinking water) has no adverse effects on dams. (A) Body weight dynamics of pregnant dams and the dams with their progeny (after delivery) from control (n = 6) and PTU (n = 6) groups. (B) Average water consumption by dams from control (n = 6) and PTU (n = 6) groups; the data are normalized to body weight of the dam (during gestation) or to total weight of the dam and litter (after delivery).
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demonstrated significantly reduced blood concentrations of total and free T 4 and T 3 in comparison to control group. Remarkably, the contents of total and free T 4 decreased drastically, while the levels of T 3 were reduced to a lesser extent. In contrast, blood concentration of TSH was greatly increased in 2-week-old PTU pups. In addition, 2-week-old PTU pups demonstrated higher total serum cholesterol concentration compared to control pups (6.99 ± 0.41 mmol/L (n = 14) vs 4.82 ± 0.37 mmol/L (n = 11), P < 0.05).
mRNA expression levels of D2 and TRα 1 in arterial tissue of 2-week-old progeny
In both control and PTU groups, the level of D2 mRNA in mesenteric arteries was one-third of that in saphenous arteries but did not differ between control and PTU groups in each type of arteries ( Fig. 2A) . Therefore, two studied arteries may differ prominently in local production of thyroid hormones in control as well as in hypothyroid rats. Of note, D1 and D3 mRNA was not detected in any group of samples, while the efficiency of our qPCR protocol was confirmed by D1 mRNA expression in rat liver and D3 mRNA in rat heart. TRα 1 gene expression did not differ between saphenous and mesenteric arteries (Fig. 2B) . It was similar in mesenteric arteries of two studied groups, but was elevated in saphenous artery of PTU rats compared to control.
The parameters of studied arteries
The relaxed inner diameter (d 100 ) of saphenous artery was smaller in PTU group compared to control, while the diameters of mesenteric arteries did not differ in the two groups (Table 4 ). The isometric contractility (maximum active force) was decreased in both arteries of PTU rats compared to respective controls (Table 4) . Vascular smooth muscle differentiation is marked by increased expression of smooth muscle-specific genes, such as SM-MHC, α-actin, SERCA2A, SM22α etc. (Owens et al. 2004) . To explore the effect of early thyroid deficiency on vascular smooth muscle maturation, we measured arterial contents of respective mRNAs (Fig. 3) . SM-MHC/NM-MHC ratio was significantly lower in mesenteric arteries of control rats in comparison to saphenous artery (Fig. 3A) . Antenatal/ early postnatal hypothyroidism reduced relatively high SM-MHC/NM-MHC ratio in saphenous artery, but did not change the ratio in mesenteric arteries (Fig. 3A) . The ratio of α-actin mRNA to β-actin mRNA (Fig. 3B) as well as SERCA2A mRNA content (Fig. 3С ) did not differ in saphenous and mesenteric arteries of control rats. However, antenatal/early postnatal hypothyroidism was associated with twofold reduction in expression of these marker genes in mesenteric, but not saphenous arteries ( Fig. 3B and C) . mRNA abundance was significantly higher in saphenous than that in mesenteric arteries of control rats, but was not affected by antenatal/early postnatal hypothyroidism in either artery (Fig. 3D) . Finally, the PLB mRNA (Fig. 3E ) and LTCC mRNA (Fig. 3F ) levels did not differ between two studied arteries and were not affected by antenatal hypothyroidism. Therefore, expression of smooth muscle marker genes demonstrates inter-arterial differences and is differently affected by antenatal/early postnatal hypothyroidism. Figure 2 mRNA expression levels of (A) D2 and (B) TRα1 in saphenous and mesenteric arteries of 2-week-old male rats from control (n = 7; 8) and PTU (n = 8; 5) groups. *P < 0.05 compared to saphenous artery in respective group (unpaired t-test) . Data are normalized to the geometric mean of the two house-keeping genes (GAPDH and 18S rRNA) in the same tissue sample and shown as the percentage of the mean value for saphenous artery in control group.
The effects of hypothyroidism on the NO pathway activity in arteries of 2-week-old rats
The activity of endothelial NO pathway was assessed by the procontractile action of NOS inhibitor l-NNA in comparison to its inactive analogue d-NNA (Gaynullina et al. 2013) . The responses of saphenous arteries to MX in the presence of d-NNA were similar in control and PTU rats (Fig. 4A ). l-NNA caused a moderate tonic contraction of arterial preparations, which corresponds to baseline force elevation by about 5% of maximum (Fig. 4B ).
l-NNA also augmented arterial sensitivity to MX: pD 2 values in control group were 4.98 ± 0.09 and 5.57 ± 0.24 for d-NNA and l-NNA, respectively (P < 0.05); pD 2 values in PTU group were 4.81 ± 0.24 and 5.44 ± 0.15 for d-NNA and l-NNA, respectively (P < 0.05). However, the responses to MX in the presence of l-NNA did not differ in two groups (Fig. 4B) . The relaxatory responses to exogenous NO donor DEA/NO of endotheliumdenuded saphenous arteries were also similar in control and PTU groups (Fig. 4C) . No difference in eNOS protein content in saphenous arteries was observed as well (Fig. 4D) . The contractile responses of mesenteric arteries to MX in the presence of d-NNA were similar in two studied groups (Fig. 5A) . However, the responses of mesenteric arteries in the presence of l-NNA were evidently different in control and PTU rats (Fig. 5B) . Incubation with l-NNA led to tonic contraction of control arteries up to 50% of maximum and shifted their MX concentration- (E) phospholamban and (F) L-type Ca2+ channel. *P < 0.05 compared to control; # P < 0.05 compared to saphenous artery in respective group (unpaired t-test) . In (C), (D), (E) and (F) data are normalized to the geometric mean of the two house-keeping genes (GAPDH and 18S rRNA) in the same tissue sample. Data are shown as the percentage of the mean value for saphenous artery in control group.
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response curves to the left (pD 2 values were 5.41 ± 0.09 and 6.68 ± 0.31 for d-NNA and l-NNA, respectively, P < 0.05) ( Fig. 5A and B) . Generally, l-NNA effects on mesenteric arteries were more prominent than those in saphenous arteries ( Fig. 4A and B and Fig. 5A and B). In arteries of PTU rats, l-NNA also induced basal tone and increased MX-induced contractile responses (pD 2 values were 5.23 ± 0.12 and 5.96 ± 0.24 for d-NNA and l-NNA, respectively, P < 0.05). However, as seen in Fig. 5B , l-NNA curve for PTU rats was shifted down and to the right compared to the l-NNA curve for control group. Notably, such reduced effect of NOS inhibitor in the mesenteric arteries of PTU rats was not due to the decreased smooth muscle sensitivity to NO. Just the opposite, the responsiveness of endothelium-denuded mesenteric arteries to DEA/NO was augmented in PTU compared to control rats (Fig. 5C) . No difference in eNOS protein content was observed between two groups Relative content of eNOS protein in saphenous arteries of control (n = 5) and PTU (n = 6) rats. In A and B, the data are given as the percentage of maximum active force (see Table 4 ). In C, the responses are expressed as the percentage of the precontraction level. In D the data are normalized to GAPDH in the same tissue sample, average ratio in control group is presented as 100%.
Figure 5
Antenatal hypothyroidism reduces the anticontractile effect of NO in small mesenteric arteries of 2-week-old rats. Panels A and B: Contractile responses to MX of endothelium-intact mesenteric arteries from control (n = 7) and PTU (n = 9) rats in the presence of 100 μmol/L d-NNA (A) or 100 μmol/L l-NNA (B). Bl -baseline active force value before the first MX concentration. Panel C: Dilatory response to DEA/NO of endotheliumdenuded mesenteric arteries from control (n = 10) and PTU (n = 4) rats. Panel D: Relative content of eNOS protein in mesenteric arteries of control (n = 5) and PTU (n = 6) rats. Panel E: eNOS protein content in saphenous (n = 6) and mesenteric (n = 6) arteries of 2-week-old control rats. Panel F: The levels of NO metabolites (nitrites and nitrates) in blood serum of control (n = 20) and PTU (n = 22) rats. In A and B the data are given as the percentage of maximum active force (see Table 4 ). $ P < 0.05 -comparison of basal active force values for Control and PTU groups (unpaired t-test); @ P < 0.05 -comparison between Control and PTU curves in the presence of l-NNA in the range of MX concentrations from 10-8 mol/L to 10-4 mol/L (Repeated measures ANOVA with Bonferroni post-hoc test). In C the responses are expressed as the percentage of the precontraction level: # P < 0.05 compared to Control (Repeated measures ANOVA with Bonferroni post-hoc test). In D and E the data are normalized to GAPDH in the same tissue sample, in D average ratio in control group is presented as 100%, in E average ratio in saphenous artery is presented as 100%. & P < 0.05 -compared to saphenous artery (unpaired t-test); *P < 0.05 -compared to control (unpaired t-test).
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( Fig. 5D) . Importantly, iNOS mRNA was not detected in any of the studied samples, while it was easily detected in tissue samples from rat heart with ischemia-reperfusion injury, indicating the adequacy of our qPCR analysis. Regarding diverse effects of hypothyroidism on NO pathway in two studied arteries we compared the contents of eNOS protein in the arteries of control 2-week-old rats. As shown in Fig. 5E , mesenteric arteries had several-fold higher eNOS protein content than saphenous arteries. Therefore, hypothyroidism weakened the anticontractile influence of NO in arteries with higher eNOS content (mesenteric) but did not alter it in arteries with lower eNOS content (saphenous).
To compare the systemic NO production in 2-weekold control and PTU rats, we measured concentrations of NO metabolites in their blood serum. The total content of nitrate and nitrite was significantly lower in PTU rats (Fig. 5F ).
The effects of hypothyroidism on the Rho-kinase role in arterial contraction in 2-week-old rats
To identify the role of Rho-kinase in the regulation of contractile responses to MX in saphenous arteries of control and PTU rats we used Rho-kinase inhibitor Y27632. Saphenous arteries of control and PTU rats showed similar responses to MX in the presence of vehicle (Fig. 6A) . Y27632 markedly reduced the responses to MX in both groups (Fig. 6B) . Since pD2 values cannot be estimated for non-saturated Y27632 curves, as an alternative we calculated the active force at the highest concentration of MX (100 µmol/L) as a percentage of the maximal active force in the first concentrationresponse relationship. Force values in control group were 91 ± 3% and 38 ± 8% in the presence of vehicle and Y27632, respectively (P < 0.05); force values in Figure 6 Antenatal hypothyroidism has no impact on Rho-kinase pathway in saphenous arteries of 2-week-old rats. Panels A and B: Contractile responses to MX of endothelium-intact saphenous arteries from control and PTU rats in the presence of vehicle (A, n = 7 for control and n = 8 for PTU) or 3 μmol/L Rho-kinase inhibitor Y27632 (B, n = 7 for control and n = 9 for PTU). Panel C: Relative content of Rho-kinase protein in saphenous arteries of control (n = 6) and PTU (n = 6) rats. In A and B the data are given as the percentage of maximum active force (see Table 4 ). In C the data are normalized to GAPDH in the same tissue sample, average ratio in control group is presented as 100%.
Figure 7
Antenatal hypothyroidism increases Rho-kinase procontractile effect and expression in mesenteric arteries of 2-week-old rats. Panels A and B: Contractile responses to MX of endothelium-intact mesenteric arteries from control (n = 10) and PTU (n = 9) rats in the presence of vehicle (A) or 3 μmol/L Rho-kinase inhibitor Y27632 (B). Panel C: Relative content of Rho-kinase protein in mesenteric arteries of control (n = 6) and PTU (n = 6) rats. Panel D: Rho-kinase protein content in saphenous (n = 6) and mesenteric (n = 6) arteries of 2-week-old control rats. In A and B, the data are given as the percentage of maximum active force (see Table 4 ). # P < 0.05 -comparison between Control and PTU curves in the presence of Y27632 (Repeated measures ANOVA with Bonferroni post-hoc test). In C and D the data are normalized to GAPDH in the same tissue sample, in C average ratio in control group is presented as 100%, in D average ratio in saphenous artery is presented as 100%. *P < 0.05 -compared to control (unpaired t-test); & P < 0.05 compared to saphenous artery (unpaired t-test) .
PTU group were 81 ± 6% and 33 ± 8% in the presence of vehicle and Y27632, respectively (P < 0.05). No difference was observed between control and PTU groups in the presence of Y27632 (Fig. 6B) . Thus, hypothyroidism did not change the role of Rho-kinase in contractile responses of saphenous artery. This is consistent with unchanged protein content of Rho-kinase in saphenous artery of PTU compared to control rats (Fig. 6C) .
In the same manner, the role of Rho-kinase in the regulation of mesenteric arteries contractile responses was studied in 2-week-old control and PTU rats. In the absence of Y27632, the responses of these arteries to MX were similar in control and PTU rats (Fig. 7A) . Incubation of mesenteric arteries with Y27632 significantly reduced the contractile response to MX in both groups (Fig. 7A  and B) . Force values at 100 µmol/L MX in control group were 91 ± 3% in the presence of vehicle and 69 ± 5% in the presence of Y27632 (P < 0.05); respective force values in PTU group were 95 ± 2% and 56 ± 2% (P < 0.05). However, in the presence of Y27632 moderate MX concentrations induced weaker contractile responses in PTU group when compared to control group (Fig. 7B) . This indicates increased contribution of Rho-kinase to the regulation of arterial contraction in response to α 1 -adrenoceptor agonist in the PTU group. Along with that Rho-kinase, protein content was elevated in mesenteric arteries of PTU rats compared to control rats (Fig. 7C) .
Notably, in control pups, the inhibitory effect of Y27632 on saphenous arteries (Fig. 6A and B) was higher compared to mesenteric arteries ( Fig. 7A and B) . This observation goes in accordance with higher content of Rhokinase protein in saphenous arteries than in mesenteric (Fig. 7D) . Therefore, hypothyroidism strengthened the functional role of Rho-kinase in arteries with lower Rhokinase content (mesenteric) but did not alter it in arteries with higher Rho-kinase content (saphenous).
Discussion
Here, we studied the vascular alterations in rats with antenatal/early postnatal hypothyroidism, which were not associated with change in pregnancy duration in dams and growth retardation in their progeny. Two-weekold male offspring of PTU-treated dams, as compared to controls, demonstrated decreased contractility and delayed maturation of arterial smooth muscle. For the first time, we showed that early hypothyroidism can alter arterial contractility in 2-week-old pups via two mechanisms: by decreasing the anticontractile effect of NO pathway and by increasing the contribution of procontractile Rho-kinase pathway. The diversity of early hypothyroidism effects in two studied arteries was associated with the differences in expression levels of D2 and genes-markers of smooth muscle differentiation as well as in the intrinsic activity of signaling pathways targeted by thyroid hormones.
PTU effects in dams and their male offspring
In rats, the thyroid gland organogenesis occurs later than in humans, so that it continues during several weeks of postnatal development (Forhead & Fowden 2014) . As in several preceding studies, our dams were treated with PTU during the whole period of pregnancy and also after delivery. PTU dose was suggested to be moderate, but enough to suppress the synthesis of thyroid hormones (Taylor et al. 2008 , Shibutani et al. 2009 , Chakraborty et al. 2012 . Higher doses of PTU can exert negative effects on the course of pregnancy, lactation and progeny survival (Hapon et al. 2003 , Silva et al. 2012 , Mallela et al. 2014 . In our study, PTU (7 ppm) did not affect the duration of gestation, litter size and body weight of pups, which is supported by the results of previous studies using PTU in similar dose range (Taylor et al. 2008 , Shibutani et al. 2009 , Chakraborty et al. 2012 . PTU also had no effect on free T 3 , progesterone, estradiol and glucose blood contents during pregnancy and after delivery. Further, our PTU-treated females did not demonstrate an increase in total blood cholesterol, unlike females treated with higher PTU doses (Hapon et al. 2005) . Of note, consumption of PTU in doses about several mg per kg did not increase serum cholesterol in adult rats (Suzuki & O'Neal 1967) . In contrast, PTU treatment resulted in reduced cholesterol level on G21, which may be associated with cholesterol transport across the placenta to the fetus. Altogether, we consider that our dams suffered from a mild hypothyroidism.
Along with that, the progeny of PTU-treated dams experienced more prominent lack of thyroid hormones. Transfer of PTU to pups body may occur through placenta (Mortimer et al. 1997) and, after birth, with dam's milk. Stronger influence of PTU on thyroid hormones levels in pups may be due to higher susceptibility of developing thyroid gland to PTU. Well-known consequence of thyroid hormones lowering is an increase of TSH blood concentration (Shibutani et al. 2009 , Chakraborty et al. 2012 . In our study, TSH level was much higher in 235:2 PTU 2-week-old rats, which again indicates the strong disruption of thyroid secretion.
Transcripts of D2 and TRα 1 genes are observed in small arteries of 2-week-old rats D2 enzyme converts T 4 into more potent T 3 and TRα 1 is a predominant receptor that mediates T 4 and T 3 effects in endothelial and smooth muscle cells (Yasuzawa-Amano et al. 2004 , Hiroi et al. 2006 , Gereben et al. 2008 , Makino et al. 2012 . We are the first to show that D2 mRNA expression can vary significantly between small arteries of 2-week-old rats. According to our data, D2 mRNA level in mesenteric arteries is several times lower than that in saphenous artery. The D2 mRNA level was shown to correlate with the D2 enzyme activity in brain, skeletal muscle and brown adipose tissue of rats (Nagao et al. 2014) . Assuming such correlation in vascular tissue, we would expect lower D2 activity as a reason for particular susceptibility of the mesenteric arteries to the thyroid hormones deficiency.
While the tissue-specific D2 expression is evident, its mechanisms remain poorly understood (Dentice et al. 2013) . We suppose that elevated D2 expression level in saphenous artery may be associated with its thermoregulatory function. Since thyroid hormones are major stimulators of thermogenesis (Mullur et al. 2014) , cutaneous arteries that control heat dissipation from the skin may require more intensive local T 3 production than arteries of other organs, including intestine. Indeed, a disruption of thyroid hormone signaling more prominently impairs tone regulation of thermoregulatory tail artery compared to mesenteric arteries in mice (Warner et al. 2013) .
D2 gene expression in arteries was not changed by antenatal/early postnatal hypothyroidism, in contrast to the previous findings on increased content and activity of D2 in hypothalamus of hypothyroid pups (Taylor et al. 2008 , Sharlin et al. 2010 . Probably, the regulation of D2 expression during hypothyroidism is tissue specific and the lack of D2 increase in vasculature may reflect a particular vulnerability of blood vessels to the endocrine disruption.
The level of TRα 1 mRNA was higher in saphenous artery of hypothyroid rats, but was not altered in mesenteric arteries. Similarly, diverse effects of hypothyroidism on TRα were shown previously in two periureteral muscles of rabbits (Sánchez-García et al. 2015 ). This indicates that the level of thyroid hormones can exert non-uniform effects on expression of their receptors in different tissues.
The influence of antenatal/early postnatal hypothyroidism on arterial characteristics
Our findings indicate that antenatal/early postnatal hypothyroidism diminished maximum contractile force of saphenous and small mesenteric arteries, which suggests reduced media thickness in their walls (Mulvany & Halpern 1977) . Along with that, in the developing arteries, the maturity of the contractile apparatus may affect the contractility considerably. Indeed, reduced level of SM-MHC in relation to NM-MHC was observed in saphenous arteries of 2-week-old offspring of PTU dams, which is typical for immature smooth muscle in comparison to adult (Eddinger & Murphy 1991 , Reho et al. 2014 . This goes in accordance with the diminished maximum contractile force of saphenous artery. Further, α-actin-to-β-actin ratio was significantly attenuated in mesenteric arteries of PTU rats pointing to their immature state (Eddinger & Murphy 1991 , Reho et al. 2014 . Similar to α/β-actin ratio, SERCA2A gene expression, which also marks the differentiation of smooth muscle cells (Vallot et al. 2000) , was suppressed in mesenteric arteries by the antental/early postnatal hypothyroidism.
Therefore, thyroid hormones deficiency might retard the development of arterial smooth muscle. Such suggestion goes in accordance with previous observation that thyroid hormones drive the maturation of cardiomyocytes (Chattergoon et al. 2012) and increase the expression of α-actin in coronary arterioles (Savinova et al. 2011) . Moreover, our data on SERCA2A expression profile suggests that intracellular Ca 2+ -homeostasis in smooth muscle cells of mesenteric arteries may be affected by antenatal/early postnatal hypothyroidism. However, based on the fact that LTCC and PLB expression levels did not differ between saphenous and mesenteric arteries and were not affected by hypothyroidism, we can conclude that observed differences in contractile responses are most probably due to alterations in Ca 2+ sensitivity than in Ca 2+ homeostasis.
The influence of antenatal/early postnatal hypothyroidism on NO pathway
Developing vasculature of early postnatal rats is protected from high blood pressure by NO, which is tonically produced by the endothelium (Gaynullina et al. 2013, 235:2 Sofronova et al. 2016) . Of note, thyroid hormones are established regulators of endothelial NO pathway activity (McAllister et al. 2005 , Vargas et al. 2006 , Carmona et al. 2014 , Jeddi et al. 2015 , Obradovic et al. 2016 . Here, we demonstrate a novel finding that antenatal/early postnatal hypothyroidism alters NO-dependent control of mesenteric arteries in 2-week-old rats, as was seen from less prominent procontractile effect of NOS inhibitor. Such suppression of NO-pathway was not associated with decreased content of eNOS protein, but with elevated NO-responsiveness of smooth muscle. As smooth muscle sensitivity to exogenous NO is inversely related to the rate of NO synthesis in vascular endothelium (Ohashi et al. 1998 , Brandes et al. 2000 , our observations speak in favor of decreased NO availability in mesenteric arteries of 2-week-old hypothyroid pups. Along with that, the antenatal/early postnatal hypothyroidism also caused a significant decrease of NO metabolites level in blood of 2-week-old rats, which is supported by previous studies (Jeddi et al. 2015) . Therefore, the lack of thyroid hormones in young organism suppresses the NO production in many vascular beds, which, in turn, can provoke hypertensive episodes and, therefore, increase the risk of immature heart and/or vasculature injury.
The influence of antenatal/early postnatal hypothyroidism on Rho-kinase pathway
Rho-kinase is a key determinant of Ca 2+ sensitivity of arterial smooth muscle contraction and its expression level and functional role are augmented in early postnatal period (Akopov et al. 1998 , Mochalov et al. 2008 , Puzdrova et al. 2014 . In the present study, we showed for the first time that antenatal/early postnatal hypothyroidism may stimulate the expression of Rho-kinase and activity of this signaling pathway in mesenteric arteries of 2-week-old animals. We suggest several mechanisms responsible for stimulation of Rho-kinase pathway under thyroid deficiency.
Firstly, it may take place through the effect on smooth muscle cells differentiation. Proliferating vascular smooth muscle cells were shown to exhibit enhanced contribution of Rho-kinase to the contractile responses (Nishimura et al. 2006) . Our data on smaller α-actin/β-actin ratio and SERCA2A mRNA content in mesenteric arteries of PTU group indicate relative immaturity of their smooth muscle, which may be due to the weakness of maturational effects of thyroid hormones (Savinova et al. 2011 , Chattergoon et al. 2012 . Moreover, TSH, which is elevated in PTU rats, could stimulate the phenotypic change of vascular smooth muscle cells from the mature contractile phenotype to the young synthetic phenotype (Tian et al. 2014) . Taking together, these data point to the assumption that elevated Rho-kinase-dependent contraction in arteries of PTU pups is driven by hypothyroid status per se.
The second mechanism concerns the effect of thyroid deficiency on cholesterol metabolism. Cholesterol is known to prime Rho-kinase pathway in vascular smooth muscle (Morikage et al. 2006) . Total cholesterol blood level was shown to be elevated by thyroid deficiency in adults (Duntas & Brenta 2012) and newborns (Akin et al. 2013) . Our 2-week-old PTU rats also demonstrated high serum cholesterol level, which might stimulate the activity/expression of Rho-kinase in smooth muscle cells of their arteries.
In addition, developmental hypothyroidism was shown to decrease the expression level of microtubuleassociated protein TAU (Wei et al. 2013) , which recently was shown to be functionally important in cardiovascular system. TAU deficiency results in increased arterial contractility (Betrie et al. 2017) . Remarkably, microtubule destabilization has been shown to increase the contractility of vascular smooth muscle via activation of Rho-kinase signaling pathway (Chitaley & Webb 2002 , Platts et al. 2002 . Therefore, TAU-dependent processes might stimulate Rho-kinase activity in arteries of rats with antenatal/early postnatal hypothyroidism.
Remarkably, Rho-kinase was shown to be involved in the pathogenesis of a wide range of cardiovascular diseases such as arterial hypertension, coronary vasospasm, aortic aneurism etc. (Shimokawa et al. 2016) . Overactivity of this signaling pathway in newborns with hypothyroidism may be the reason for increased risk of early vascular pathologies such as atherosclerosis (Akin et al. 2013) .
Diverse effects of antenatal/early postnatal hypothyroidism in different vascular beds
We observed the effects of early hypothyroidism on activities of NO and Rho-kinase pathways in mesenteric arteries, but not in saphenous artery. Such diverse action of thyroid deficiency may be due to several reasons. As D2 expression level is several-fold higher in saphenous compared to mesenteric arteries, saphenous arteries could possess a higher rate of local T 3 synthesis and, therefore, be less challenged by hypothyroidism. On the other hand, the shortage of T 3 effects may delay maturation of mesenteric arteries in postnatal period. This suggestion is supported by our data on reduced SM22α expression 235:2 and SM-MHC/NM-MHC ratio in mesenteric arteries as compared to saphenous ones.
One more reason for diverse effects of hypothyroidism on two studied arteries could be different importance of these two pathways in mesenteric and saphenous arteries of euthyroid pups. Notably, eNOS protein content and the effect of l-NNA were much lower in saphenous arteries compared to mesenteric. This indicates relatively weak regulatory role of NO-pathway in saphenous arteries, which may limit the suppressive effect of thyroid hormones deficiency on eNOS pathway. By contrast, Rhokinase abundance and the effect of its inhibitor were much lower in mesenteric arteries compared to saphenous. Therefore, the stimulation of Rho-kinase pathway under hypothyroidism is more expected in mesenteric artery than in saphenous, where Rho-kinase level and activity are already high.
In conclusion, the present study explores the influence of antenatal/early postnatal hypothyroidism on the activity of two vasomotor mechanisms that are important for young vasculature. Circulatory system of young developing organism possesses strong anticontractile effect of NO and high activity of Rho-kinase pathway. In mesenteric arteries of young rats, antenatal/early postnatal hypothyroidism diminishes anticontractile action of NO and stimulates procontractile Rho-kinase pathway. Remarkably, these signaling pathways share their targets at the level of smooth muscle contractile apparatus (Somlyo & Somlyo 2003) . Both pathways regulate the activity of myosin light chain phosphatase (MLCP) via phosphorylation of its regulatory subunit (MYPT1) at different sites. The effects of such phosphorylation are opposite: while activation of NO pathway results in the increase of MLCP activity, Rho-kinase inhibits MLCP. Thus, antenatal/ early postnatal hypothyroidism can increase the level of myosin light chain phosphorylation and smooth muscle contraction via simultaneous depression of NO pathway and augmentation of Rho-kinase pathway in arteries of young rats. This, in turn, potentiates procontractile mechanisms of vasomotor responses in young hypothyroid animals, which may disturb cardiovascular homeostasis during perinatal challenges and have consequences in adulthood.
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